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COMPACT TOROID EXPERIMENTS: SPHEROMAltS AND FIELD REVERSED CONFIGURA1’10NS

WARREN E. QUINN AND COMPACT TOROID STAFF

Los Alamos National Laboratory, Los Alamos, New Mexico, 87545, U.S.A.*

Compact toroids (CT) containing both poloidal and toroidal magneLic field,
spherornaks, are generated in the CTX experiment using a magnetized coaxial
plasma gun, and are trapped and stably confine6 in an oblate flux con-
server. Total configuration lifetimes are observed up to - 0.8 mc, con-
sistent with classical resistive decay. The field reversed configuration
(FRC) is a high beta, axisymmetric, highly prolate compact toroid,
containing only poloidal magnetic field, formed in a field-reversed theta
pinch. A quiescent confinemer.t period of 30 to 90 IJSwfttiTi - 200-500 eV
and n - 5X1015 cm-”3 is terminated by an n=2 rotational instability. The
FRC is stable to MHD modes including

1. INTRODUCTION
A compact taroid (CT) is an

axisymmetric , closed toroidal magnet-
ic-confinement configuration that has
no magnet coils, conducting walls, nor
vacuum walls linking the hole in the
plasma torus.1 This feature pro\ides
a simple geometry that reduces engi-
neering complexity in proposed CT
reactors. The CTS can be classified
into three major types; particle rings
(Astron-like), spheromaks, and field
reversf:d configurations (FRC). Par-
ticle risgs are characterized by large
ratios of ion gyroradius to plasma
dimensions, and may have arbitrary
ratios of toroidal to poloidal mag-
netic fields. Both the spheromak and
the FKC have small gyroradii compared
with plasma dimensions. The ephe-
romak has poloidal and toroidal mag-
netic field components of comparable
magnitude on the closed flux surfuces.
The flux surf~ces of the FRC have
purely poloidal field lines. Open
field lines exist between the separa-
trix and an external cylindrical
conductor. The CT equilibrium
requires either e conducting WU1l or
an externally gencreted ffeld, like
the verticnl field in 8 tokamak. If
an external field is used, a eepara-

—- . . .. . .. . . ——.—
*Work performc$d under aunpices of
U.S. Department of Energy.

the tilting instability.

trlx is formed that divides these open
field lines from the closed fields
supported by plasma currents in the
toroid. The toroidal confinement
properties of CT configurations are
complementary to other axisymmetric
devices, In contrast to the modest
shear and minimum h of the tokamak,
the spheromak, like the reversed field
pinch (RFP), has stron~er rihearand no
minimum B. We report on spheromaks
and FRCS studied at the Los Alamos Na-
tional Laboratory in the CTX t3phe-
romak facility, and in two field re-
versed theta-pinch experiments FRX-B
and FRX-C.

II. COMPACT TOROII)S WITH TOROIOAL
FIELf): SPHEROMAKS

A. Formation
Spheromaks have been generated in

the Los Alamos CTX facility using n
Inngnf?ttzd rn!lxiAl plaenM glun.z The
gun is 1.2 m In length with inner and
outer electrode radii of 0.10 m and
0.15 m, respectively; and is energized
by a 4S-kV, 37-pF capacitor bank. The
CTn are generated utilizing in part a
t~chnfque pioneered by Alfvdn et 61,3
nnd exlended to a higher-temperature
fully ionized pla8ma regime. A aole-
notdal coil produces an axfrl magnet-
ic field inside the inner electrode
thnt dtvergeg AL the gun muzzle and
becomes radial. Firing the gun
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producea a radial plasma current that
generates a toroidal magne$l~ field
between the elect rode~. The JxB force
accelerates the highly conductive
plasma out of the gun, stretching the
radial field lines in the axial
direction away from the gun. These
elongated field lines reconnect behind
the plasma forming the closed poloidal
field of the CT spheromak, while the
magnetic field generated by the gun
current and embedded in the plasma
becomes the toroidal field. The gun-
generated spheromaks are trapped in
prolate and obla:e cylindrically
symmetric metallic flux conserves.

B. Gross Stability and Plasma
Characteristics

In the Initial experiments,2 the
gun-generated spheromaks were injected
into a stainless steel, right-circu-
lar, cylindrical flu~ observer. The
CTS were stopped within the flux con-
Server by appropriate adjustment of
the initial poloidal field strength at
the coaxial, source. In some cases the
toroid ctopped with its major axis
parallel to the axis of the plasma gun
and the flux conserver, then rotated
90° so that its axis was orthogonal to
the axis of symmetry. This tilting
mode had been predicted by Rosenbluth
and ihHSaC.4 In most cases the stopped
torold , when first observed, was al-
ready partially tilted. After the
rotation or tilting, the deformed
torold appenred ~roauly MHI) stable
with a lifetime of - 1[)0PS.

Motivated by stnbility theory,”
which rredicts thnt the tilting mode
should be stabilized by an oblnte flux
conserver, compact toroidn were
trapped in 80-cm dinrneter flux con-
serv(>rM hnving (}blate regtons. 1 The
tiltin~ in~tahility does not occur and
the spherotu{+kconfiguration iR etlltrlt?
throu}:hout it~ Itfetimc’, although the
in~tti!~ilityfs sen~itive to tll(~ger)m-
etry ()f thr entrnnr.c cylinder to tht~
flux r{)nN~~rvcrun[itho Rnp npncinx b~-
twt@n flit? gull 0 I)(I tilt’ entr~nce
reRlon. 1 TIiv [)l,=inmflfiIIdmnRnottr field

properties are measured using magnet-
ic probes, Thomson scattering, inter-
ferometry, bolometry, and quartz UV
spectroscopy. The electritn density
and temperature of the separated,
trapped spheromak are typically n -
2-4x1014 cm-s and Te - 10 eV. Pr~bes

measuring all three components of mag-
netic field located along the axis of
symmetry show that magnetic r{ ~nnec-
tion, leadil.g to separation of the
spheromak from the coaxial source, is
completed by 40 ps. The peak field on
the axis of symmetry is ~ 6 kc, and

the total energy of the spheromak is
- 6 kJ. Total lifetimes of the sphe-
romak configuration are observed up to
0.8 ms (- 4 times the characteristic
decay time) and are consistent with
cl~ssical resistive decay.

c. Relaxation toward a Taylor Minimum
Energy State

Radial profiles of the poloidal
and toroidal magnetic fields are found
to be in approximate agreement with
those of the Taylor mtni.mum energy
state theory,5 although some devia-”
tions rireobserved. These Tr,lor-like
states, similar to those in the Re-
versed Field Pinch6 (RFP), have been

calclllated and are consistent with t]l~t
observed convernfon of toroidal flux
into poloidal flux without a globnl
disruption. RFP experiments show that
stable high B (10-20%) atate~ lie near
the predictions of Tnylor’s O = O
model for BTorojd[ll(wall) < (),and tht,
configuration regenerates it.Belf
agnin8t diffu~ivc losRes,6 The

rvversed-fl~[~phlRlllAH move into the
aren , dwell there, move out hy field
diffuuion, and then relax back to tl)l’

reversed-field region.
In the CTX apheroruak, n ~im{lnr

relnxntion ph~nomenon in obscrv(~d. Tn
Fig. 1, tllcmensured ratio of the t[)-
roldnl field just outside the mn~:not-
ic nxin to t.liepoloir.inlfield on tllc
mnjor nx{n nre plot,tod n~ n funct{011
of tlrne. ‘rhl~ rntto in r[)mpnr(~dwith
tilecnl(’tllntrdI“ilt,iofor tll{’‘~~ylor
stnte (du~livrlllnr). T}lvru lM nflut~~~-
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ment following the spherornak forma-
tion, but in time the measured ratio
deviates by as much as 50 percent and
then a relaxation process restores the
plasma configuration back to the
Taylor minimum energy state as shown
in Fig. 1. Thus, the equilibrium con-
figuration tends to regenerate itself
against diffusive losses. A 2-D
transport code developed by Sgro)
shows mzgnetic diffusion resulting in
the observed rate of deviation of the
ratio from the Taylor value us indi-
cated by the triangles in Fig. 1, but
of course, does not ~hcw the 3-I)
relaxation process.

D. Impurity Radiations
Bolornetry and W spectroscopic

measurements have shown that impurity
radiation is the dominant energy loss
mechanism in the CTX spherornaks. It
appears that radiative losses are
clamping the temperature in the iO to
20 eV range. Metallic impurities have
been reduced to negligible levels
compared with lower Z impurities by
appropriate clioice of source tiperating
conditions. Earlier spectroscopic
line observations indicated large
amounts of power were being radiated
by carbon and oxygen impurities. A
computer code developed by Barnes,g to
c~lc~llate nonequilibriurn charge stnte
distribution and radiated power for
different impuritie~, S}1OWS thnt oxy-
gen impurity levels of 5 to 15% are
sufficient to radiste thr ohmic
henting power znd claml; the tempera-
ture.

The carbon impurity has been
reduced to negli~ible levels, by diH-
cllnrge cleaning And improved vncuurn
condition, and the r!ur~tton {Iftl~e
OIV and OV rudintions is signtf~cntltly
increased indic,nting thnt the plnnrnn
is sufficiently hot to ionize oxygen
intc thc~e hi~her st.nte~ for longer
Limrn. Tho~e impurity rcdurtion ef-
forts incrt~nfit~dthg sphc~rum{lkconfig-
tJriltion IIfet.imr frum 250 ~N tO
5’)()vu. T;icr~Dnre ~evernl kilojoules
of m~~~nvtlc fl~lrlvnerp,y WIIOSV df’cmy

could provide, through ohmic heating,
temperatures o: a few hundred ev in
the absence of loss proces&es. At a
reduced oxygen impurity level of 1 to
5%, tt.e radiated power will become
less than the available ohmic hzatlng
power and the plasma should begin to
heat. This should result In a “burn-
through” of the oxy~?n impurity and
considerably hotter spheromaks Wi th
lifetimes in the millisecond range.

A new operating mode with a con-
stant background fill of Sf2Veial

millitorr of H has Increased the
spheromak confi~uration lifetime to
0.8 lUS. This background gas fill has
the following advantageous features:g

(1) Reduces impurity generation in the
gun; (2) Allows stable, well confined
spheromaks to be generated at higher
poloidal fields and at lower main bank
energies, further reducing the
impurities; (3) Allows clean operation
at short gas puff delays, resulting in
lower initial densities and less
radiated
particle
aity at
longer d

F., Equi
Tile

power; and (4) Provides a
source to maintain the den-
10W levels throughout the

scharge lifetime.

ibrium and Stabil!.ty
equilibrium and the gross !4HIJ

stability o~ the spheromak In an ob-
late-shaped c(~nductin~ shell has been
extensively Rtudiecl theoretical-
~yh,lo,ll and confirmed experimental-
1Y01,12 Theory predicts thn[
rs/r. > 0.7-0.8 is

\
sufficient to

Stlltll.izr the tilting/sliding modes,
and r /rc > (].8-!’).9is sufficient to
stqhlfize all other globnl Ml[)r~orlcs$
where r

!
ond r , nre the Reparatrix and

conduct ng w[l’11 rndii fne,lsuredfrom
the m~~gnrtic axi~. Th,s Addition of
high energy i008 to stnnll-arbft CTS
hns been propo8ed~3 nn(i theoretic~lly
Shf)wrl t1) enhnnce thr stability tu
tilting and other grous modes, thereby
rec!~lcln~che reqt)ired value~ of r8/r(,.
Thene scribility limits of wall st?pn-
ration )Invl? not yet been a~tlLemnti-

cnlly fIt(JdtP(! experimentally, hut.
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stable spheromak configurations are
routinely produced in CTX.

The theoretical ideal PiHD limit
of the engineering beta Is relatively

high, Be - 0.15. 14 The Maryland PS-I

device’% has produced Be - 0.3, while
Be - 0.16 has been observed in the CTX
spheromak expe-iment.16 However, the
experimental value of B that can be
achieved with acceptable transport in
the colllsionless regime has not been
determined.

The present substantial under-
standing of the equilibrium and gross
stability cf spheromaks indicate noth-
fng to prevent their use In reactors.
The oblate wall requirement imposes
limits on their usage in moving ring
systems, and on the reduction of rs/rc
in an adiabatically heated system.
The injection of high energy ions
reduces these limits. The CT is a
flexible configuration that allows a
variety of applications.

F. Transport, Heating, and
Sustainment

The immediate need in present
spherornak experiments is to increase
the electron temperature so that
transport and heating studies can be
performed in a relatively collision-
less regime (Te Z 100 eV). ‘The RFP
experimental resultR indicate that the
impurities must be low to allow an
operating “window” in density between
radiation at hf~h density and
drift-induced turbulence at low den-
sity. Improved impurity control is
being developed in the CTX spherornak
experiment HO thnt ohmic hcnting cni:
increase the temper~ture.~ nbove
100 eV. Higher temperature~ will
allow collision1@F3r3 confinement ex-
periment~ and a variety of hentin~ nnri
Sustainment expcrimen&R ~~!ng rf,
5eams, and ndiahntir! compreRn{orl.

111. Fil?lcl MevvrHttd Config\lrnrion
(FRC)

AII FRC is A prolntr toroldnl
plasma cor~flRuratlon (!f)nt/lln[*d by
poloidnl m~~nottc field, gencrM[ed hy

plasma currents carried by particles
with small gyroradius, and with neg-
ligible toroidal field. FRCS have
been produced in the laboratory since
the early 1960s using the field re-
versed theta pinch, and are repre-
sented schematically in Fig. 1 pro-
vided the toroidal field is deleted.
The FRC is produced by embedding at’
initial bias field into a cod
prefonized plasma followed by rapidly
reversing the direction of current in
the theta-pinch coil. The resulting
oppositely directed fields tear and
reconnect at the ends, generating the
closed field line structure of the
FRC. Additional positive flux,
ger,erated by the rising magnetic
field, produces open field line3
separated fran the reconnected field
lines ty a separatrix. A passive
crowbar clamps the externally applied
field with an e-folding decay time of
100 to 300 ~s.

A review of FRC experiments and
theory is given in Ref. 17. Work at
Los Alamos18 and at the Kurchatov
Institutelg during the 1970s has been
particularly s~,gnificant. The
Kurtmullaev group has studied enhanced
field reversal techniques, controlled
field reconnection, ~nd axial shock
hencing. Plasma lifetimes of * 100 us
are limited by the deciiy of the
external field, and the energy ccln-
tain,,lentis projected to be - 300 ps.
The. Los Alamoo FRX experiments hove
produced plasma tempertitcres in the
0.1 to 1 kev range, peak dc~nslties of
+ 5X1(?15cm-3 , and configui-otion life-
time~ of up to 120 us.

In t!le last few yeRr~! n good
theoreLicfil under~tand{ng hns heun
achieved of the hl.gh-}mtn elrrn~nted
FRC equilibrium. A ufleful L’er?ult’,
indupend(’nt of pressure profile, knr’::1
nu th~ ‘tavern e hct,A condition” is tlI(I

follow{ng:~~ ‘!1
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1s sttll an important Issue for the
FRC. Many MHD modes of instability
originally expected for the FRC have
been found to be stabilized either by
the elongated geometry or by finite-
Larmar-radius effects often accentu-
ated by the internal field null. An
internal m-l mode similar to sphe-
romak tilting has been predicted the-
oretically,22-25 but it has not been
observed experimentally. The only
instability that occurs experimental-
ly is a destructive n=2 mode that.
apparently results from a gradual
build up of plasma rotation.25

A.0 FRC Experimental Facilities and
Results

Table I lists the parameters of
Los Alamos FRC experiments.

TABLE I
PAIWMETLRS OF FKC EXPERIMENTS

Exper- id/L Max. volt- Tl~ ‘MAx
ment Energy age

(cm) (k.lj” (kV) (PS) (kG)—-—— —
FRX-B 20TO0 ~Oi–——— 55 2.4 11.0
FRX-C 40/200 600 110 5.Cl 10.0

Both the FRX-B17 and -C*6 devices have
symmetric passive magnetic mirrors
(mirror ratios of 1.05 to 1.10)
produced by decreasing the inside
diameter of the coils ne~lr the ends.

Kurtmullaev’s group at the
Kurchatov Institute produce FKCS in
reversed-field theta-pinches Ubing

af!ditional magnetic fields to control
the formation procens. ‘g A pulsed
Olltupol(? barrier field is used to
maximize the t~ilpped flux fin(imtnimize
pla8ma losses to the wall durin$; the
field reversal process, Both mirror
and cilBp field!?art?u~c!dat the ends
of the main coil to COntL’01 the field
reconnection proce~s and to initiate
nn nxial shock c0mpres9i0n. The
Sovietti produce etnble FRC8 that IltRt
t}]{!full 1O()-DH L/R decay time of
their mnxnotic field~ arl dn not
ohMcrvc o rot.at{onnl inMtnhilfty. Thr
TRX-1 expor{m(~nl.z)iJRr~many fenturen

of the Kurtmullaev experiments
including pulsed barrier magnetic
fields to maximize flux trapping
efficiency, and both cusps and mirror
fields to control the reconnection
through shaping and rapidly changing
the magnetic field configuration at
the coil ends.

Experimental efforts hbve been
successful in clarifying ma~y features
of the FRC and give the following
significant results: (1) An FRC can be
created using field reversed
theta-pinch techniques. The resistive
tearing mode can be controlled by
proper vacuum procedures, preiioiza-
tion methods, and experimental design;
(2) A weakly compressed FRC inside a
conducting wall is observed to be MHD
stable; (3) The FRC displays a
qulzecent phase that is terminated by
a growing n-2 mode most likely caused
by rotation resulting from non-
classical transport; (4) The
confinement of plasma and energy
during the quiescent period is much

superior to plasma confinement in apen
field line configurations; and
(5) Translation of the CT from one
coil region ?0 another has been
successfully demonstrated.

B. Equilibrium
After tl,e FRC formation, a

quiescent stable period of plasma
confinement is observed becore the
onset of th? rotational instability.
During this stable period the equi-
librium profile and parameters have
been ~tudied in the FKX-U experi-
mently With a fill pressure of
17 mtorr. The FRC major radius R,
determined from end-on frnming
photographs, is approximately 3.4 cm
at t - 903 MB, which, as~uming
pressure b~lance gives a separatrix
radius, =fl R-5.0 cm.

‘!
Radial

dcn~ity pro iles from Thomson scttt-
tering m{?nR\lrement~ un the nxial
midplnne yield n major rndiu~ of
R- 3.8 cm in rens(mnble n8reemont
with thl? end-on lurnino~ity mensure-

mcnt~ . Exc:l~ldcdflux mt~nBurements as
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a function of axial position and time
give a aepdratrix radius

‘s -5cm
aasuming the diamagnetic contribution
from the plasma on the open field
lines is negligible. The excluded
flux radius remains approximately con-
stant in time until the rotational
instability causes plasma wall contact
and field disruption at t - 50 VS.

The radial electron temperature
profile, determined from Thomson scat-
tering as a function of time on the
midplar.e, is approximately flat at
- 100 eV for radii less than the sep-
aratrix radius until the onset of the

rotational instability at t * 30 us.
Outside the separatrix, r --6 cm, the
temperature decreases with time from
T -70 eV at 4.5 us to - 10 eV at
38 us* Doppler broadeni~g measurem-
ents of CV give ion temperatures of
200 eV at t = 10 VS that approach the
electron temperatures in the classical
equilibration time of the two species
(t - 40 Bs).

The axial density profile was
determined from a 6328A laser
interferometer that measured t.hc
integrated-line density across a
diameter as a function of axial
position a}~d time. The axial length
of the plasma is observed to be about
50 cm in the l-m lerqgth coil and to be
relatively constant during the plasma
stable period. Excluded flux ‘adtus
measurements , obtained from a series
of loopG and probes along the axial
direction, indicate the WtC confi~u-
ration is relatively stat~onary during
the quieucent period and until the
rotation~l inatobility hns groim to
cause plasma-wall contact (t ~ 50 us).

In the new rfix-”c experimentz6

with a deuterium fill pre~sure cf
20 mtorr, tilt? FR(; equilibrium is
ch~racterized at 20 ~11 by the
following narumeterb: geporatrix
radiuf) : - 12 cm, ~tipnr~trix lenRtil
tR - li$ cm, B (externtil) - 7.4 k{,,
pcllk llclw?ity .-4X101” clll-~,
Te ‘,80 eV, T * 200 (?V, TR (’+t[~blc)

)- H() us, and R pir,- 30. .Atn tilltng
pre~uure of 5 mtorr the equilibrium

parameters are: ‘s - 9.2 cm,
is - 100 cm, B (external) - 7.7 kG,
peak density - 2.3x1015 cm-s,
Te * 100 eV, T

}
- 550 eV, T (st-ble)

- 43 ps, and R.Pio - 15. *he lower
fill pressure results in w~l:-

centered FRCS, but as the fill
pressure increases the FRC length
becomes comparable t- the coil length
and often one ena or the other of the
FRC appears to expand out of the coil.

Theoretical study of FRCS has
been Impeded by difficulty in com-
puting highly elongated or prolate
equilibria of the type observed in
field-reversed theta-pinch experi-
ments. Single fluid, scaler pressure
models of FRC equilibrium have been
developed by a number of workers,
Recently Spencer and Hewett2e have
developed a new approach to the
computation of FRC equilibria that
avoids the previously encou~tered
difficulties. They have computed
highl;? elongated FRC equilibria in a
straight conducting cylinder for
pressure profile p’(+) = cH($), where
H(x) is the Heaviside function. The
equilibria are found by inverting the
Grad-Shafranov ~quati.on by means of a
Green’s function and by sclving the
resulting non-linear integral equn-
tlono Long prolate equilibria are
obtained only for values of the con-
stant c very near a critical-vallle;
the equ~libria chc.nge from 2:1
elongated to infinitely long as c
varies by only 0.3%0 This critictll
value of c is predicted by the nvera~t?
beta condition. The elongation and
the shape of the separatrix near the
field nulls is restricted by tll{’
requirement thllt the field lines
cnltside tht~ separatrix sntiRfy
conducting wall boundary conc!ttions,
To change the Rhape of the trnnsitton
region it ifr nece~sary to eithvr
chail~~ tlic boundnry condition or tllc?
pre@8ure profile. ‘rhe ~l~arp
singlll.nrityin tl)c eloIlj##ti[)n(4U a
ftlnct{on of tli(’pur~nwt.cr c 1s Ilot
uniqur to th~’partlrl~l;~rl}($) fltudtcli
nnd mnke~ ‘ooking for loII~ ~q\lll{btlit
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by varying parameters in the pressure
profiles very difficult.

c. Stability
For highly elongated FRC equi-

libria having proper profiles and
boundary conditions, theory predicts
all ideal MHD modes to be stable
except for two types: (1) the m-l, n-l
tilt mode;29 and (2) high n-number
axial and radial kinks with poloidal
mode number rn=l.25 All FRC experi-
ments with high elongation
(g /r >> 1) have exhibited gross sta-

bl$it~. No large scale MHD instabil-
ities except rotationally driven ones
are observed in the experiments even
though the FRC exists for many Alf$en
transit times. The tilt mode is not
observed except when an FRC is highly
contracted axially (ts/r < 3).
Recent :;eoretical results by ~pencer
et al., show that making FRCS
racetrack like rather than elliptical
stabilizes the tilt mode. The m=l low
n-number radial kink modes are stable
provided the FRC separatrix is
sufficiently close to the wall. The
m= 1 high n-number kink modes are not
ob~et-ved in the experiments, and are
assumed to be finite Larmor radius
(FI,R)stabilized. A question for FRCS
centers on the trade Off between
confinement and FLR stabilizing
effects since confinement improves as
S = R/pi increases and th,eFLR effects
decrease. The FRX experiments have
operated with S in thv range of 6 to
30 ●

Most of the FRCS eventually go
unstable to an ~.z rotational flute
instability where n is the turoidnl
mode number. The experimental
observationrz nre in agreement with
predictions of a Vlasov fluid code
analysi~ of this mode~l which indi-
cate~ instability when the plasma
rotation exceed~ a critical angulilr
velocity. Enrl-ul~orLirrg and diff’lsion
mechaniRm$ htivc been proposed as
c~uRef4 of rotntion~?l acceler~tion in
t-heFKCS. 17 End shorf.ing of open field
Jincfl on i,nsu]atlng wallfl by wall

plasma provides a path for shorting Er
in the bulk of the plasma.
Steinhauer32 has studied end shorting
in FRCS, and finds that the tGrque
applied to the open field-line plasma
by end-shorting currents is trans-
mitted across the separatrix to the
closed field-line plasma through
viscosity.

The diffusion ❑echanism involves
the transfer of net angular momentum
through particle loss across the sep-
aratrix ard then out of the system.
Barnes and Seyler20 have developed a
kinematic theory that inc!icates ~ar-
ticles with orbits near the separa-
trix have a preferred angular
momentum. Loss of these particles
leaves the closed field-line plasma
with a net angular momentum of the
appropriate sign. The instability
threshold is predicted to occur in the
FRX-B plasma when the fraction of per-
ticles lost F = 0.5i Compdred with the
experimental observation
F = 0.55 t 16.18 If the diffusion
❑echanism is correct, i.e., the radial
flow velocity driven by particle
transport gives rise to a finite
pressure anisotropy in the azimuthal
d~rection resulting in a net torque on
the confined plasma, the n=2
rotational mode would not be a
limitation for a reactor. Rather,
loss of plasma would l~mtt the fusion
outpu~ before the mode went unstable.

I). Confinement
In the present FRX experiments

the onset of the n=2 rotational insta-
bility appears Lo occur on the same
timescale as particle diffusion across
the separatrix. In the FRX-B experi-
ment the energy confinernen~ time i’;
found to be compnrahl.e to the parti-
cle confinement time.36 Therefore,
particle 10ss is thought to be a
crucial issue for FRCa. Particle 10s6
has been lnvestiggted by Tuszewski and
Linford33 using a steady-etate~ one-
dimensional model for radial particle
tranHport which approximates the ex-
periment~l obtier ation of elongated
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FRC equilibrium with approximately
constant separatrix radius. It is
found that anomalous transport from
the lower-hybrid-drift (LHD) insta-
bility3k with the w?,ve energy bound on
the saturation level dominates the
particle confinement over classical
effects, particularly for larger de-
vices. This analytical result Is in
qualitative agreement with a one-
dimensional anomalous transport code
developed by Hamasaki.35 The code
incorporates In Its transport
coefficients, contributions from
classical processes as well as from
the LHD instability, the latter
contribution being dominant.

E. Scaling
Scaling studies of plasma behav-

ior and parameters have been performed
in the FRX-A and -B experi-
mente,36#3”)P17 and are underway in the

larger FRX-C26 device. The variation
of the FRC stable configuration time,
T~, with plasma parameters is of
particular interest. Data from the
FRX experiments show that TS scales as

‘!:6”0”10-’ ‘2’pi” ;:e ;::::::::::a so indicate tk.at TS
t() the ion temperature when R2/pi is
htld approximately constant. The one-
dimensional, Lagranglan, tran~port
model of Hamasaki,35 with the quasi-
linear di;fuslon coefficient for the
LHD instability, has indicated that
the time for half the particle
inventory to be lost across the sepa-
ratrix scales 8S R2/Pie, but iS
?.ndependent of the ion temperature.
The particle and energy confinement
timeo determined from the FRX-B ex-
perimentslt are in approximate agree-
ment with the Hamasaki code results.
The linear scaling of TN with the
pl.~sma density scale ,arameter R*/P~
indicated by the code .~ndthe experi-
❑ental correlation of Ts with tll(jse

parameter~ Buggest that ‘rB= TN. (his

agreement t3upport9 the hypothes{ , of
the rotational acceleration being
driven by diffusion.

REFE
10

2.

3.

4.

5*

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

160

;RENCES
W. T. Armstrong, et al., Proc.
8th Internl. Conf. on Plasma
Phys. and Contr. Nucl . Fusion
Res., (;AEA, Vienna, 1983) Vol.
1, 481.
T. R. Jarbo, et al., Phys. Rev.
Lett. ~, 1264 (1980).
H. Alfvbn, et al., J. Nucl.
Energy, Part Cl, 116 (1960).
M. N. Rosenbluth and ?4. N.
Bussac, Nucl. Fusion ~, 489
(1979).
J. B. Taylor, Phys. Rev. Lett.
~, 1139 (1974), end ?roc. 3rd
Topical Conf. High Beta Plasmas,
(Pergamon, Oxford, 1976) p. 59.
D. A. Baker and !:.E. Quinn,
Fusion (cd. E. Teller), Vol. T,
Ch. VII, p. 445. Academic
Press, New York, 1Q81.
A. G. Sgro, private communica-
ti’.tl.
h. “J.Hoid~, et al., Proc. IEEE
Inter~l. Conf. on Plasma Science
Ottawa, 1982).
C. W. Barnes, et al., Proc. IEEE
Internl. Conf. on Plasma Science
(Ottawa, 1982).
J. M. Finn and A. Reimqn, Proc.
3rd Symposium on Phys. and Tech.
of Compact Toroids (Los Alamos,
19!30)p. 64 (1981).
S. C. Ja;din, Proc. U.S.-Japan
Workshop on Compact Toroids
(Osaka, 1981) p. 125 (1981).
W. C. Turner, et al., Proc. 3rd
Symposium on Phys. and Tech. of
Compact Toroids (Los Alamos ,
1980) p. 113 (1981).
H. H. Fleischmann, Proc. U.S.-
Japan Sympo~41\m on Compact
Toruses and EnerKetiC Particle. .
Injection (Princeton, 1979) p. 41
(1980).
M. Okabayash? and A. M. M. Todd,
Nucl. Fusion~, 571 (1980).
G. C. Goldenbaum et al., Phys ●

Rev. Lett. K, 393 (1980).
I. Heninu et al., Proc. 3rd
Symp3sium on Phys. and Tech. of
Compact Torofds (Los Alamosj
1980) P.101 (1981).



-9-

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30 ●

31.

32.

W. T. Armstrong et al., Phy S .

Fluids 2JI, 2068 (1981).
R. K. Linford et :1., Plasma
Phys . and Controlled
Nucl. Fusicn Res. (IAEA$ Vienna,
1978) VO1. II, P. 447.
A, G. Es’kov et al., Plasma Phys.
and Controlled Nucl. FusiGfi Res.
(IAEA, Vienna, 1,978) Vol. 11,
p. 187.
D. C. Barnes and C. E. Seyler,
Proc. U.S.-Japan SyRp9sium on
Compact Toruses and Energet .C
Particle Tnjection (Pr!nceto~,
1979) p. 110.
V. N. ;Semenov and N. V. Sos:lin,
Sov. J. Plasma Phys. 7_, 180
(1981).
D. C. Barnes and C. S. Seyler,
Los Alauios Scientific Laboratory
r~port LA-UR-79-13 (1979).
A. Z. Shestakov et al., Proc.
U.S.-Japan Symposfum Conpact
T0ru6eS and Energetic Particle
Injection (Princeton, 1979)
p. 126.
D. V. Anderson and D. C. Barnes,
Phys . Rev. Lett. ~, 1337 (1981).
W. Newcomb, Phys. Fluids ~, 2296
(1980).
R. R. Bartsch et al., Proc. ILEI?

Internl. Conf. on Plasma Science

(Ottawa, 1982).
A. L. Hoffmun, Mathematical Sci-
ences Northwest report 80-1144-4
(1982).
R. L. Spencer acd D. W. Hewett,
to be published, Phys. Fluids.
Also Los Alamos National Labora-
tory report LA-UR-82-330 (1982).
D. C. Barnes et al., I’roc. 3rd
Symposium on Phys. and Tecl~. of
Compact Toroids (Los Alamos,
1980) p. 134 (1981).
R. L. Spencer et al., Proc.
Sherwood Theory Meeting (Santa
Fe, 1982) paper 8.3.
C. E. Seyler, Phys. Fluids ~,
2324 (1979).
L. C. Steinhauer, Proc. UoS.-
Japan Symposium on Compact
Toruees and Energetic Particle

Injection (Princeton, 1979)
p. 151.

33. M. Tuszewski and R. K. Linford,
to be ptiblished Phys. Fluids.

34. R. C. Davidson and N. A. Krall,
Nucl. Fusion~, 1313 (1977).

35. S. Harnasaki and N. A. Krall,
Proc. IEEE internl. Conf. on
Plasma Science (Montreal, 1979)
paper 5E1O.

36. J. Lipson et al., Appl. Phys.
Lett. ~, 43 (1981).

37. W. T. Armstrong et al., Proc. 4th
U.S.-Japan Workshop on Compact
Toroids (Livermore, 1981).

10 --— —

m“

~- 1
~ 05 _: -:;_
m+

o .-J--.1 .__.L—.—l_ A
o 100 200

TIME (Ps)

Fig. 1. Plot of the ratio of the

measured (solid line) toroldal field
to voloidal field as a function of.
time in the CTX spheromak.
angular’ points are computed
2-D transport code.

The tri-
using a


